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ABSTRACT

Soil-transmitted helminths infect billions of people globally, particularly those residing in low- and middle-
income regions with poor environmental sanitation and high levels of air and water pollution. Helminths
display potent immunomodulatory activity by activating T helper type 2 (Th2) anti-inflammatory and Th3
regulatory immune responses. The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the virus
that causes Coronavirus disease 2019 (COVID-19), can exacerbate Th1/Th17 pro-inflammatory cytokine pro-
duction in humans, leading to a cytokine storm. Air pollutants (particulate matter, oxygen radicals, hydrocarbons
and volatile organic compounds) and water pollutants (metals and organic chemicals) can also intensify Th1l/
Th17 immune response and could exacerbate SARS-CoV-2 related respiratory distress and failure. The present
review focused on the epidemiology of SARS-CoV-2, helminths and fine particulate matter 2.5 um or less in
diameter (PMy s) air pollution exposure in helminth endemic regions, the possible immunomodulatory activity of
helminths against SARS-CoV-2 hyper-inflammatory immune response, and whether air and water pollutants can
further exacerbate SARS-CoV-2 related cytokine storm and in the process hinder helminths immunomodulatory
functionality. Helminth Th2/Th3 immune response is associated with reductions in lung inflammation and
damage, and decreased expression levels of angiotensin-converting enzyme 2 (ACE2) receptors (SARS-CoV-2 uses
the ACE2 receptors to infect cells and associated with extensive lung damage). However, air pollutants are
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EGF, epidermal growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon gamma;
IgE, immunoglobulin E; IgG, immunoglobulin G; IL, interleukin; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; NO,, nitrogen dioxide;
03, ozone; PDGF, platelet-derived growth factor; PM, particulate matter; RANTES, regulated upon activation, normal T cell expressed and presumably secreted;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; sCD40L, soluble CD40 ligand; SDF1, stromal cell-derived factor 1; SICAM-1, soluble intercellular
adhesion molecule-1; SO,, sulphur dioxide; sVCAM-1, soluble Vascular Cell Adhesion Molecule-1; TGF-, transforming growth factor beta; Th1/Th17, T helper cell 1/
17; TMPRSS2, transmembrane protease serine 2; TNF-a, tumour necrosis factor alpha; Tregs, regulatory T cells; TSLP, thymic stromal lymphopoietin; VEGF, vascular

endothelial growth factor.
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associated with overexpression of ACE2 receptors in the epithelial cell surface of the respiratory tract and
exhaustion of Th2 immune response. Helminth-induced immunosuppression activity reduces vaccination effi-
cacy, and diminishes vital Th1 cytokine production immune responses that are crucial for combating early stage
infections. This could be reversed by continuous air pollution exposure which is known to intensify Thl pro-
inflammatory cytokine production to a point where the immunosuppressive activities of helminths could be
hindered. Again, suppressed activities of helminths can also be disadvantageous against SARS-CoV-2 inflam-
matory response. This “yin and yang” approach seems complex and requires more understanding. Further studies
are warranted in a cohort of SARS-CoV-2 infected individuals residing in helminths and air pollution endemic
regions to offer more insights, and to impact mass periodic deworming programmes and environmental health

policies.

1. Introduction

Soil-transmitted helminths (Ascaris lumbricoides, Trichuris trichiura,
Strongyloides stercoralis, Necator americanus and Ancylostoma duodenale)
and Enterobius vermicularis are parasitic intestinal worms vastly affecting
people residing in underdeveloped areas with poor environmental
sanitation (Hawdon 2014). According to the World Health Organization
(WHO), over 1.5 billion people, which equates to 24% of the world’s
population, are infected with soil-transmitted helminths. Additionally,
over 267 million and 568 million preschool-age and school-age children
respectively, reside in areas were helminths are intensively transmitted
(World Health Organization, 2020). Infections are most prevalent in
tropical and subtropical areas, with the highest numbers occurring in the
Americas, East Asia, China and Sub-Saharan Africa (World Health Or-
ganization, 2020). It is estimated that around 300 million people with
heavy helminth infections display severe morbidity, resulting in over
150,000 deaths annually (Hotez et al., 2006).

Lately, the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), and the associated Coronavirus Disease 2019 (COVID-19) have
become a major global threat to human health. By April 24, 2021, the
ever-escalating global infection rate, death rate and recovery rate is
estimated to be 146,520,027, 3,103,334 and 124,259,424, respectively
(Worldometer, 2021).

Patients with COVID-19 display abnormally high plasma concen-
trations of pro-inflammatory T lymphocyte (T cell) helper type 1 (Th1)
immune cells and cytokines including TNF-a, IFN-y, IL-2, IL-6, IL-7, IL-8,
IL-17, G-CSF, GM-CSF, MCP-1 (CCL2), MIP-1a (CCL3), MIP-1p (CCL4)
and IP-10 (CXCL10) which proportionally increase with disease severity
(Huang et al., 2020; Schett et al., 2020).

Helminths are known to have potent immunomodulatory effects in
the body through suppression of Thl pro-inflammatory immune cells
and activation of anti-inflammatory Th2 immune responses which are
characterised by the production of IL-4, IL-5, IL-9, IL-10, IL-13, IgE,
Tregs, mast cells, M2 macrophages, eosinophils and TGF-f (Abdoli and
Ardakani, 2020). However, not all helminths induce the aforementioned
immunomodulatory effects in the body (McKay, 2015). Hence, hel-
minths can either be beneficial or disadvantageous in ameliorating or
exacerbating the severity of inflammatory diseases, respectively (Abdoli
and Ardakani, 2020; McKay, 2015).

Recently, the therapeutic role of helminths in the regulation and/or
dysregulation of immune responses in patients with COVID-19 have
become a debatable issue. Bradbury and colleagues first hypothesized
that helminths could insidiously trigger the onset of severe COVID-19
infections in humans based on the theory that helminths could sup-
press vital Th1 immune response that is crucial in combating early stage
bacterial and viral infections (Bradbury et al., 2020). Similar findings
were reported elsewhere which further claimed that helminths could
intensify COVID-19 morbidity and mortality (Abdoli, 2020). Conversely,
Hays and colleagues hypothesized that helminth-induced Th2 anti-
inflammatory responses could alleviate exacerbated inflammation in
COVID-19 patients with co-morbidities such as obesity, metabolic syn-
drome and type 2 diabetes (Hays et al., 2020). Additionally, studies have
associated helminth endemic regions with reduced COVID-19 severity
and mortality rates (Gebrecherkos et al., 2021; Rodriguez, 2020).

Environmental pollution, an activator of pro-inflammatory Thl im-
mune responses, is proposed to also exacerbate COVID-19 severity and
insidiously dampen the immunomodulatory activity of helminths in
COVID-19 patients (Dvoroznakova et al., 2016; Frontera et al., 2020;
Saraswathy et al., 2018). Globally, around 92% of the world population
breathes unhealthy levels of air pollution (World Health Organization,
2016). The WHO reported that air pollution accounts for over 6.5
million deaths worldwide annually. This is equivalent to 11.6% (1 in
every 9 deaths) of all global deaths annually, and over 90% of deaths
occurred in low and middle-income countries. Over 6.1 million deaths
(94%) occurred due to air pollution-induced non-communicable dis-
eases (chronic obstructive pulmonary disease, cardiovascular disease,
lung cancer and stroke) (World Health Organization, 2016). Studies
have associated air pollution, a potent oxidative stress and inflammation
inducing agent, with adverse alterations in host immune system and
cytokine production (Gao et al., 2020; Pope et al., 2016; Saraswathy
et al., 2018) and COVID-19 severity (Frontera et al., 2020) in humans.
Drinking water pollutants (plastic components, plasticizers, metals,
phthalates, bisphenol A and per- and polyfluoroalkyl substances) have
also been reported to compromise the immune system which results in
exacerbation of COVID-19 respiratory symptoms in humans (Quinete
and Hauser-Davis, 2020).

Studies focusing on helminth and SARS-CoV-2 co-infections in areas
affected with environmental pollution are scarce. The present review
highlights the: (i) prevalence of SARS-CoV-2, helminths and fine par-
ticulate matter 2.5 um or less in diameter (PM5 s5) air pollution exposure
in helminth endemic regions, (ii) regulatory role of helminths, (iii)
dysregulatory role of environmental pollution, and (iv) regulatory/
dysregulatory role of helminths and environmental pollution co-
exposure in response to SARS-CoV-2 immune responses and severity.

2. Severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-
2)

2.1. Overview on SARS-CoV-2

Coronaviruses are large, positive-stranded, enveloped RNA viruses.
The viral envelope is associated with at least four structural proteins
namely nucleocapsid nucleoprotein, membrane, envelope and spike
proteins (Malik, 2020). To date, seven human coronaviruses have been
identified which are known to cause mild [HKU1, NL63 and OC43
(Betacoronaviruses) and 229E (Alphacoronavirus)] and severe [Middle
East Respiratory Syndrome Coronavirus (MERS-CoV), SARS-CoV and
SARS-CoV-2] respiratory illness and disease (Liu et al., 2020).

Patients with co-infections or co-morbidities such as obesity, human
immunodeficiency virus (HIV) and tuberculosis, hypertension, meta-
bolic syndrome, diabetes, cardiovascular disorders, kidney disease and
respiratory disorders are most at risk of developing severe COVID-19
(Zhou et al., 2020). Patients with COVID-19 in Wuhan, China dis-
played symptoms of dyspnoea and lymphopenia and developed acute
respiratory distress syndrome, acute cardiac injury, RNAaemia and
secondary infection complications (Huang et al., 2020).

SARS-CoV-2 utilizes host cell factors, angiotensin-converting enzyme
2 (ACE2) and transmembrane protease serine 2 (TMPRSS2), to enter
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cells (Hoffmann et al., 2020). The SARS-CoV-2 spike protein interacts
with the ACE2 receptor to promote cell entry while the TMPRSS2 plays a
role in SARS-CoV-2 spike protein priming and cleavage, allowing viral
and cellular membrane fusion and entry of the virus into cells (Hoffmann
et al., 2020).

ACE2, an 805-amino acids captopril-insensitive carboxypeptidase, is
expressed in lung alveolar epithelial cells, nasal epithelial cells, arterial
and venous endothelial cells, enterocytes and arterial smooth muscle
cells. ACE2 is an important regulator in lung diseases, diabetes, hyper-
tension and cardiovascular diseases (Alifano et al., 2020). TMPRSS2, a
70-kDa serine protease, is associated with several physiological and
pathological processes namely digestion, blood coagulation, tissue
remodelling, tumour cell invasion, inflammatory responses and
apoptosis (Antalis et al., 2011).

ACE2 and TMPRSS2 are primarily expressed in bronchial transient
secretory cells and shown to be most vulnerable to SARS-CoV-2 infection
(Lukassen et al., 2020). Studies have speculated that binding of SARS-
CoV-2 to ACE2 could negatively affect the overall functionality of
ACE2, leading to the overproduction of reactive oxygen species and the
pathophysiology of cardiovascular and respiratory failure (Alifano et al.,
2020).

Studies have found that children have lower SARS-CoV-2 infection
rate, display milder symptoms and have better clinical outcomes
compared to adults (Ludvigsson, 2020). Researchers attributed this to
lower ACE2 gene expression levels in nasal passage epithelial cells taken
from children compared to adults. It was further concluded that ACE2
gene expression was age-dependent and increases with age into adult-
hood (Bunyavanich et al., 2020). Researchers also investigated whether
lung ACE2 and TMPRSS2 expression levels in children and adults vary
using single-cell RNA sequencing (scRNA-seq) and immunohistochem-
istry. They also explored whether gene expression levels might influence
milder SARS-CoV-2 symptoms in children. No significant changes in
lung ACE2 and TMPRSS2 expression levels were observed between
children and adults, even though the percentage of cells expressing
TMPRSS2 were higher in adults. Alveolar type 2 (AT2) cells had the
highest ACE2 expression while alveolar type 1 (AT1) cells in children
and club cells in adults also showed noticeable expression. In both adults
and children, AT1, AT2 and club cells were the main cell types with
relatively high TMPRSS2 expression. It was concluded that lung ACE2
and TMPRSS2 expression levels was unlikely to be a major reasoning
behind lower virus intrusion rate and milder symptoms in children, and
unique features in children’s underdeveloped immunity systems may
play a far more pivotal role (Tao et al., 2020). A possible explanation is
that children have decreased mononuclear and polymorphonuclear
chemotaxis, and enhanced and trained innate and adaptive immune
systems if they are frequently exposed to a broad spectrum of pathogens
compared to adults (Tao et al., 2020).

2.2. SARS-CoV-2 variants

In comparison to the SARS-CoV outbreak in 2002 in Guangdong,
China and MERS-CoV outbreak in 2012 in Jeddah, Saudi Arabia, the
current SARS-CoV-2 which originated from Wuhan, China in 2019 is
treacherously and potently more infectious in humans due to mutations
in the SARS-CoV-2 spike glycoprotein (mediates viral entry into cells
through cell receptor binding and membrane fusion) and nucleocapsid
nucleoprotein (regulates viral replication and thus influences tran-
scription and assembly) in addition to its ability to infect and reproduce
in the upper respiratory tract (Lippi and Plebani, 2020).

Several mutations in the SARS-CoV-2 spike protein can greatly
enhance viral infectivity and pathogenicity, and the Center for Disease
Control and Prevention (CDC) classified these mutations as variants of
concern and of high consequence. This includes the B.1.1.7 (501Y.V1),
B.1.351 (501Y.V2), CAL.20C (B.1.427/ B.1.429) and B.1.1.28.1 (P.1)
SARS-CoV-2 lineages that originated in the United Kingdom, South Af-
rica, California and Brazil, respectively (McCallum et al., 2021; Singh

Environment International 156 (2021) 106695

et al.,, 2021). In April 2021, India report on the emergence of a more
infectious SARS-CoV-2 variant, B.1.617, that has the ability to enhance
viral replication and evade antibodies. The B.1.617 variant carries two
mutations known as E484Q and L452R. The E484Q mutation mirrors
E484K, a mutation found in the South African (B.1.351) and United
Kingdom (B.1.1.7) variants, while the L452R mutation is also found in
the highly transmissible Californian (B.1.427/ B.1.429) variants (The
Indian Express, 2021). With the ongoing emergence and discovery of
highly infectious SARS-CoV-2 variant strains, this could lead to changes
in pathogenicity patterns in children, and trigger higher morbidity and
mortality rates in adults.

2.3. SARS-CoV-2 and the gut microbiota

SARS-CoV-2 also infects the mature human intestinal cells, the ACE2
receptors-expressing enterocytes of the small intestines in particular,
which may lead to gastrointestinal symptoms such as abdominal pain,
vomiting and diarrhoea during the early phases of COVID-19 (Dhar and
Mohanty, 2020; Kazmierczak-Siedlecka et al., 2020). Intestinal ACE2
receptors act as a chaperone for membrane trafficking of the sodium-
dependent neutral amino acid transporter B’AT1. In the intestinal
epithelium, the B°AT1/ACE2 complex regulates the composition and
function of the gut microbiota, leading to ambiguous changes in host
immune responses against pathogens (Viana et al., 2020).

Adverse changes in the gut microbiota composition in patients with
active and severe SARS-CoV-2 gastrointestinal infections were reported.
This included enrichment of opportunistic pathogens (Streptococcus
infantis, Morganella morganii, Collinsella aerofaciens, Collinsella tanakaei,
Coprobacillus, Clostridium ramosum, and Clostridium hathewayi), loss of
short-chain fatty acid producing salutary bacteria (Alistipes onderdonkii,
Lachnospiraceae bacterium, Parabacteroides merdae and Bacteroides ster-
coris) and enhanced functional capacity for carbohydrate metabolism
and amino acid and nucleotide biosynthesis (Yeoh et al., 2021; Zuo
etal., 2021; Zuo et al., 2020). In addition, as the severity of SARS-CoV-2
increased the abundance of the (i) anti-inflammatory/ immunomodu-
latory bacteria, Faecalibacterium prausnitzii, Eubacterium rectale and
several bifidobacterial species, and (ii) ACE2 downregulating bacteria,
Bacteroides massiliensis, Bacteroides ovatus, Bacteroides dorei and Bacter-
oides thetaiotaomicron significantly decreased (Yeoh et al., 2021; Zuo
et al., 2020). As a consequence, the adverse changes in the gut micro-
biota, induced by SARS-CoV-2, may ultimately lead to the progression of
gut dysbiosis-related diseases even after clearance of the virus, espe-
cially in elderly patients since immunity and gut microbiota diversity
decreases with age (Dhar and Mohanty, 2020; Kazmierczak-Siedlecka
et al., 2020; Yeoh et al., 2021).

2.4. SARS-CoV-2, environmental pollution and cigarette smoking

Studies examining the effects of environmental pollution and ciga-
rette smoking on COVID-19 severity are summarised in Table 1. Chronic
exposure to air pollution [particulate matter (PM), nitrogen dioxide
(NO3), sulphur dioxide (SO3), ozone (O3), carbon monoxide (CO),
polycyclic aromatic hydrocarbons and volatile organic compounds] can
exacerbate SARS-CoV-2 related adverse health outcomes (respiratory
distress and failure) and mortality rates (Domingo and Rovira, 2020;
Konstantinoudis et al., 2021; Wu et al., 2020; Zhu et al., 2020; Bashir
et al., 2020). Studies have postulated that the SARS-CoV-2 might have
the ability to attach to airborne atmospheric particulates (PMss.10)
which could be a contributing factor towards the high prevalence of
indirect transmission rates in humans (Sanita di Toppiet al., 2020).
Frontera and colleagues (2020) proposed a “double-hit hypothesis”.
They found chronic exposure to PMj 5 and NO; intensified SARS-CoV-2
related mortality rates. Chronic PMys exposure led to the over-
expression of alveolar ACE2 receptor which was associated with high
viral load in patients. This then led to the exhaustion of ACE2 receptors
and impaired host defences. Chronic NOy exposure provided a second
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Summary of studies focusing on the effects of environmental pollution and cigarette smoking on COVID-19 severity.

References

Aim of study

Methodology

Major findings

Environmental pollution

Konstantinoudis
et al., 2021

Wu et al., 2020

Zhu et al., 2020

Bashir et al., 2020

Cigarette smoking
Giilsen et al., 2020

Zhao et al., 2020

Cai, 2020

- Temporal association between long-term air
pollution (NO, and PM, 5) and COVID-19
mortality in England.

- Temporal association between long-term PMy 5
exposure and COVID-19 mortality in the U.S.A.

- Temporal association between air pollution
(PMy 5, PM;4, NO, and O3) and daily confirmed
COVID-19 cases in China.

- Correlation between environmental pollution
indicators (PM, 5, PM;¢, NO5, SO,, CO, VOC and
Pb) and total confirmed cases and mortality of
COVID-19 in California.

- Association between smoking and clinical
COVID-19 severity

- Effect of pre-existing chronic obstructive
pulmonary disease (COPD) and ongoing smoking
history on COVID-19 severity.

- To investigate the disparity related to tobacco
use in lung ACE2 gene expression and its
distribution among cell types in order to predict
COVID-19 susceptibility.

- Cross-sectional study.

- 38,573 COVID-19 deaths were reported up to
30 June 2021.

- Air pollution concentrations were retrieved
between 2014 and 2018.

- Bayesian hierarchical models were used for
data analysis.

- Cross-sectional study.

- COVID-19 death counts were collected from
3,000 counties in the U.S.A up to 22 April 2020.
- Zero-inflated negative binomial models were
used for data analysis.

- Retrospective study.

- Air pollution concentration, meteorological
variables and daily confirmed COVID-19 cases
were retrieved between 23 January - 29
February 2020.

- Generalized Additive Models (GAM) were used
for data analysis.

- Retrospective study.

- Environmental pollution concentration and
total confirmed cases and mortality of COVID-
19 were retrieved between 4 March — 24 April
2020.

- Kendall (K) and Spearman (S) correlation (r)
tests were used for data analysis.

- Systematic meta-analysis approach.

— 16 articles published between December
2019 - 15 April 2020, and detailing 11,322
COVID-19 patients.

- Systematic meta-analysis approach.

— 11 articles published between December
2019 - 22 March 2020, and detailing 2002
COVID-19 patients.

- Cross-sectional study

- Large-scale bulk transcriptomic datasets of
normal lung tissue were retrieved to investigate
the disparity related to smoking status in ACE2
gene expression.

- Single-cell transcriptomic datasets were
retrieved to investigate the distribution of ACE2
gene expression among cell types.

- A 1 pg/m?® increase in NO, and PM, 5 was
associated with a 0.5% (95% Crl: 0.2% — 1.2%) and
1.4% (95% CrI: 2.1%, — 5.1%) increase in COVID-19
mortality rate, respectively.

- Posterior probability of a positive effect: NO,
(0.93) and PM; 5 (0.78).

- A1 ug/m® increase in PM, 5 was associated with an
8% (95% CI: 2% — 15%) increase in COVID-19
mortality rate.

- A 10 pg/m® increase (lag0-14) in O, NOy, PMy 5
and PM;, was associated with a 4.76% (95% CI:
1.99-7.52), 6.94% (95% CI: 2.38-11.51), 2.24%
(95% CI: 1.02-3.46), and 1.76% (95% CI: 0.89 to
2.63) increase in daily confirmed COVID-19 cases,
respectively.

Total confirmed cases:

- PM;o (K1: —0.287; S r: —0.375)
-PMys (Kr: —0.359; S r: —0.453)
-80, (Kr: —0.333; S1: —0.426)

- CO (Kr: 0.045; S r: 0.083)

- VOC (K r: 0.044; S r: 0.054)
-Pb (Kr:0.109; S1: 0.178)

-NO, (Kr: —0.514; Sr: —0.736)

Total confirmed mortality:

- PM;o (K r: —0.267; S r: —0.350)
-PMys (Kr: —0.339; Sr: —0.429)
-SO, (Kr: —0.309; Sr: —0.397)

- CO (Kr: 0.079; Sr: 0.123)
-VOC (K r: 0.032; Sr: 0.038)
-Pb (Kr:0.109; Sr: 0.174)

-NO, (Kr: —0.485; Sr: —0.731)

- History of smoking and severe COVID-19 (OR:
2.17; 95% CI: 1.37-3.46; p < 0.001) (F%: 71.4%; p <
0.001).

- Current smoking status and severe COVID-19
(fixed-effects model; OR: 1.51; 95% CI: 1.12-2.05; p
< 0.008) (I%: 48.9%; p = 0.40.

— 10.7% (978/9067) of non-smokers and 21.2%
(65/305) of active smokers had severe COVID-19.

- Pre-existing COPD and development of severe
COVID-19 (fixed-effects model; OR: 4.38; 95% CI:
2.34-8.20) (% = 41%; p = 0.08).

- Ongoing smoking and severe COVID-19 (fixed-
effects model; OR: 1.98; 95% CI: 1.29-3.05) (I =
44%; p = 0.10).

- COPD and ongoing smoking collectively worsen
COVID-19 severity and outcomes.

- Former smoker’s lung had higher ACE2 gene
expression compared to

non-smoker’s lung.

- Bronchial epithelium: ACE2 is highly expressed in
goblet cells and club cells of current smokers and
non-smokers, respectively.

- Alveoli: former smokers had high ACE2 expression
in remodelled AT2 cells.

- Collectively, smokers, particularly former smokers,
were more susceptible to COVID-19.

hit which caused a more severe form of SARS-CoV-2 in the ACE2
depleted lungs and was responsible for extensive lung damage (Frontera
et al., 2020). Cigarette smoking and tobacco smoke exposure was also
associated with increased ACE2 and TMPRSS2 expression which led to
severe SARS-CoV-2 infections (Cai, 2020; Giilsen et al., 2020; Zhao et al.,

2020).

Woodby and colleagues (2021) hypothesized that air pollutants have
the ability to promote SARS-CoV-2 entry and life cycle in the body

through several mechanisms, including preventing antiviral activity of
antimicrobial peptides and surfactant protein D, inhibition of muco-
ciliary clearance, promoting TLR2 and TLR4 signalling that are specific
for bacterial sensing, increasing ACE2 receptor expression levels, pro-
moting TMPRSS2 cleavage, altering viral replication and assembly

mediated by autophagy, modulating interferon production, preventing

uptake by macrophages, and increasing epithelial permeability to pro-
mote viral spread (Woodby et al., 2021).
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Table 2
Global prevalence and morphological characteristics of intestinal helminths
(Lindquist and Cross, 2017; Parija et al., 2017).

Intestinal helminths Global Disease and morphology
prevalence
Ascaris lumbricoides 1.2 billion - Disease in humans: Ascariasis

- Adult male: 15-31 ¢cm by 2-4 mm.

- Adult female: 20-35 cm by 3-6 mm,
produce 240 000 eggs/day.

- Disease in humans: Trichuriasis

- Adult male: 30-45 mm by 0.1-0.5
mm.

- Adult female: 35-55 mm by 0.1-0.5
mm, produce 3000-10000 eggs/day.

- Disease in humans: Strongyloidiasis

- Adult males (free-living cycle only):
0.9 mm by 40-50 um.

- Adult females (free-living and
parasitic cycles): 2.0-2.5 mm by 40-50
um, produce 30-40 partially
embryonated eggs/ day.

- Disease in humans: Necatoriasis and
Ancylostomiasis

- Adult male: 6-11 mm by 0.4-0.6 mm.
- Adult female: 10-13 mm by 0.4-0.6
mm, produce 10 000-20 000

(A. duodenale) and 5000-10 000

(N. americanus) eggs/day.

- Disease in humans: Enterobiasis

- Adult male: 2.5 mm by 0.1-0.2 mm.
- Adult female: 8-13 mm long by
0.3-0.5 mm, produce 16 000 eggs/day.

Trichuris trichiura 795 million

Strongyloides stercoralis 600 million

Necator americanus and 740 million
Ancylostoma

duodenale

Enterobius vermicularis 200 million

3. Intestinal helminths

Helminths are parasitic worms affecting billions of people globally.
The main groups of parasitic helminths include: (i) Platyhelminthes
(Flatworms), (ii) Nematodes (Roundworms), (iii) Acanthocephalins
(Thorny-headed worms), (iv) Cestodes (Tapeworms), and (v) Trema-
todes (Flukes) (Lindquist and Cross, 2017; Parija et al., 2017). Majority
of people worldwide are infected with soil-transmitted intestinal nem-
atodes (Ascaris lumbricoides, Trichuris trichiura, Strongyloides stercoralis,
Necator americanus and Ancylostoma duodenale) and Enterobius vermic-
ularis. The morphological characteristics of soil-transmitted helminths
are presented in Table 2 (Lindquist and Cross, 2017; Parija et al., 2017).

Helminthic infections (the most prevalent neglected tropical dis-
eases) predominantly occur in the intestines as well as in the blood,
lungs, liver and brain (Hotez et al., 2006). Risk factors associated with
soil-transmitted intestinal helminth infection are low socioeconomic
status, poor availability of clean water, poor sanitation and poor hygiene
(Hotez et al., 2006). Mebendazole (most favoured), praziquantel,
albendazole and diethylcarbamazine are some of the anthelmintic drugs
used in the mass control and prevention of helminth infections (Dayan,
2003). Lately, ivermectin, an anti-parasitic and anthelmintic drug, was
reported to inhibit the replication of SARS-CoV-2 in vitro (Caly et al.,
2020).

Soil-transmitted helminth infections often tend to be mild or
asymptomatic in humans however severe infections do occur leading to
nutritional deficiencies, several allergy-related atopic diseases, mental
delays, growth and development delays, organ failure and death (Cepon-
Robins and Gildner, 2020).

Helminth infections can modify the gut microbiota composition in
the intestines and exacerbate bacterial colitis (Su et al., 2018). They
secrete excretory-secretory products that have antimicrobial activity
(Abner et al., 2001; Brosschot and Reynolds, 2018), and also modify
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human production of anti-microbial peptides (Brosschot and Reynolds,
2018; Fricke et al., 2015). Helminths and Lactobacilli species have
coevolved and display a mutualistic relationship with the aim of regu-
lating mucosal immune responses in order to thrive in the intestinal
environment; Lactobacilli species increases in abundance during chronic
helminth infection and promotes the pathogenesis of persistent hel-
minth infection (Brosschot and Reynolds, 2018). Nutritional deficiencies
in the intestines and diminished epithelial glucose absorption are also
associated with helminth infections (Brosschot and Reynolds, 2018;
Shea-Donohue et al., 2001).

In a Malaysian cohort, helminth parasites (Ascaris species and Tri-
churis species) was associated with increased faecal abundance of Par-
aprevotellaceae (strongly associated with the Trichuris species),
Alphaproteobacteria, Bacteroidales and Mollicutes, and enriched
metabolic pathways involving amino acids and nucleotides biosynthesis
in the microbiota. In helminth-negative patients, a high abundance of
Bifidobacterium, and enriched xenobiotic and carbohydrate metabolism
pathways was observed in the microbiota. Trichuris worms alone was
associated with highly enriched pathways involved in nucleotide
metabolism, and cell growth and death while Ascaris worms alone was
correlated with reduced activity of carbohydrate metabolic pathways in
the microbiota (Lee et al., 2014). In Zimbabwe, children infected with
Schistosoma hematobium displayed increased faecal abundance of bac-
teria within the genus Prevotella (Kay et al., 2015).

4. Epidemiology of SARS-CoV-2, helminths and PM, 5 air
pollution in helminth endemic regions

The prevalence of SARS-CoV-2, helminths and PMj 5 air pollution
levels in helminth endemic WHO regions worldwide are summarized in
Tables 3, 4 and 5. Data for helminths (World Health Organization,
2021a) and PMy 5 air pollution (World Health Organization, 2021b)
prevalence were retrieved from the WHO online website. Data for the
prevalence of SARS-CoV-2 (total cases, total deaths and total recovered)
was retrieved from the Worldometer online website that gives real time
world statistics (Worldometer, 2021). Helminth endemic countries or
territories are grouped into 6 WHO regions: Africa, The Americas,
Eastern Mediterranean, European region, South East Asia and Western
Pacific.

Helminth infections were most prevalent in South East Asia
(29,94%) followed by Sub-Saharan Africa (25,64%), Eastern Mediter-
ranean (14,27%), European region (10,64%), The Americas (9,74%) and
Western Pacific (5,38%). For PM3 5 air pollution, the Eastern Mediter-
ranean region had the highest mean PMj 5 levels (46,04 ug/m?) followed
by South East Asia (43,97 pg/m3), Sub-Saharan Africa (32,52 pg/m3),
European region (25,42 pg/m>), The Americas (17,40 pg/m®) and
Western Pacific region (16,79 ug/m®). Both Sub-Saharan Africa and
European region (91%), and Eastern Mediterranean region and South
East Asia (86%) had similar SARS-CoV-2 recovery rates, followed by The
Americas (88%) and Western Pacific region (83%) (Tables 3-5).

The Americas had the highest SARS-CoV-2 mortality rate (3,22%)
followed by Sub-Saharan Africa (2,52%), Eastern Mediterranean
(2,09%), Western Pacific (1,97%), South East Asia (1,33%) and Euro-
pean region (1,31%) (Tables 3-5). COVID-19 lethality rate deviate be-
tween continents, regions and countries, with notable higher rates in
Europe and the United States of America (non-helminth endemic regions
as specified by the WHO), regions that are economically developed with
optimal health systems. On the contrary, helminth endemic regions with
poor economies and inadequate health care facilities tend to have low
COVID-19 lethality (Fonte et al., 2020). It was hypothesized that the
immunomodulatory role of helminths could be a reason behind the low
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Environment International 156 (2021) 106695

Prevalence of helminths, COVID-19 and PM, 5 air pollution in Sub-Saharan African countries.

Countries ranked based on helminth ~ Total population, n Helminths

COVID-19 prevalence up to 19 April 2021, n Air quality index (AQI)

prevalence prevalence, n Total cases, n Total deaths, Total recovered, PM, 5 (pg/mB), mean [95% CI]
n n
Nigeria 210,162,742 45,205,565 164,207 2,061 154,325 48.73 [41.08-125.8]
Democratic Republic of Congo 91,700,032 29,643,689 28,894 745 25,841 37.62 [22.75-74.02]
Ethiopia 117,205,948 27,758,240 240,236 3,328 178,705 34.36 [22.68-58.24]
United Republic of Tanzania 61,071,876 18,788,363 509 21 183 25.59 [18.57-47.77]
Uganda 46,875,190 17,938,970 41,378 338 40,898 48.41 [27.91-79.63]
South Africa 59,900,468 15,827,969 1,565,680 53,711 1,489,457 23.58 [17.99-33.35]
Angola 33,669,143 12,194,554 24,300 561 22,576 27.95 [16.01-53.83]
Ghana 31,584,523 10,904,105 91,663 771 89,530 31.95 [18.53-66.8]
Mozambique 31,944,020 10,862,269 69,134 798 61,207 19.44 [12.45-33.08]
Niger 24,893,250 10,391,142 5,116 190 4,771 70.8 [35.94-250.7]
Cameroon 27,066,166 10,100,056 64,809 939 57,821 65.26 [43.03-113.4]
Madagascar 28,251,355 8,124,525 32,205 542 25,798 21.44 [13.66-36.05]
Malawi 19,519,025 7,414,608 33,919 1,136 31,717 22.14 [12.09-40.26]
Kenya 54,705,045 5,937,691 151,287 2,463 101,362 25.85 [17.78-44.07]
Zimbabwe 15,034,019 5,849,280 37,699 1,552 35,005 19.35 [10.38-35.2]
Zambia 18,788,816 4,733,164 90,918 1,235 88,718 24.7 [13.41-45.28]
Rwanda 13,205,039 3,987,005 23,866 322 22,082 40.75 [16.13-96.97]
Sierra Leone 8,104,959 3,420,897 4,020 79 2,848 20.63 [11.09-42.47]
Togo 8,431,597 2,393,570 12,496 119 10,163 32.71 [19.72-65.19]
Guinea 13,413,017 2,383,636 21,460 138 18,882 22.43 [12.3-47.42]
Cote d’Ivoire 26,920,447 2,280,850 45,519 274 45,064 23.72 [14.53-49.57]
Burundi 12,169,053 2,242,532 3,477 6 773 35.61 [15.11-91.6]
Benin 12,373,092 2,208,676 7,611 95 6,728 33.11 [20.65-68.88]
Senegal 17,091,143 1,077,768 39,782 1,091 38,511 37.52 [24.54-67.85]
Central African Republic 4,896,095 996,622 5,728 75 5,112 49.5 [24.96-120.6]
Liberia 5,151,337 903,257 2,042 85 1,899 17.19 [11.2-28.18]
Namibia 2,577,241 810,983 46,515 602 44,437 22.59 [12.16-46.31]
Congo 5,625,046 809,022 10,084 139 8,208 38.67 [18.16-94.74]
South Sudan 11,297,620 669,759 10,432 114 10,148 41.12 [21.73-87.92]
Chad 16,796,394 544,879 4,691 168 4,335 53.01 [23.25-132.4]
Gabon 2,267,109 483,207 21,858 133 18,507 38.51 [19.88-85.08]
Lesotho 2,155,713 382,336 10,709 315 5,028 27.78 [16.82-43.44]
Comoros 884,209 231,998 3,815 146 3,589 18.60 [9.22-38.73]
Equatorial Guinea 1,439,155 144,713 7,259 106 6,885 45.9 [21.86-108]
Cabo Verde 560,769 137,073 19,975 189 17,870 31.99 [16.01-61.12]
Guinea-Bissau 2,004,645 129,110 3,710 66 3,117 27.12 [14.26-62.11]
Botswana 2,389,088 116,050 44,075 671 39,493 21.24 [13.38-35.22]
Sao Tome and Principe 222,372 77,429 2,275 35 2,210 25.66 [14.26-52.11]
Gambia 2,470,054 70,776 5,720 170 5,190 32.2 [17.46-61.81]
Eswatini 1,169,679 16,659 18,415 671 17,682 16.26 [10.32-25.61]
Overall prevalence, n (%) 1,045,986,491 268,192,997 3,017,488 76,200 2,746,675 Average PM; 5:32.52
(13,31)* (25,64) " (0,29) ¢ (2.53) ¢ (91.03) © [18.58-68.77]

a n o ow

L

lethality rates. However, several other factors could also influence these
outcomes such as age, population genetics, unavailability of diagnostic
testing, SARS-CoV-2 mutations, and environmental humidity and tem-
perature that oppose viral replication (Fonte et al., 2020). Both HIV and
tuberculosis infections are independent risk factors for increasing
COVID-19 mortality rates (WCDH and NICD, 2020); Sub-Saharan Africa
has the highest prevalence of both infections in the world, and had the
second highest COVID-19 mortality rate (Table 3). The harmful impacts
of air pollution in adversely affecting host immune response and trig-
gering the manifestation of severe SARS-CoV-2 infections will be dis-
cussed further later on.

5. Immunological features of soil-transmitted helminths, SARS-
CoV-2 and environmental pollution

Cytokines are synthesized by a wide variety of immune cells, pre-
dominantly, by T cells, macrophages and neutrophils, which play an
important role in promoting and regulating immune responses towards a
broad spectrum of parasites, bacteria and viruses (Lucas et al., 2020).

% Overall prevalence (Total population) = Total population in Sub-Saharan Africa / World population as of 21 April 2021 (7,860,798,912) x 100.

% Overall prevalence (Helminths prevalence) = Total helminths prevalence in Sub-Saharan Africa / Total population in Sub-Saharan Africa x 100.

% Overall prevalence (Total COVID-19 cases) = Total COVID-19 cases in Sub-Saharan Africa / Total population in Sub-Saharan Africa x 100.

% Overall prevalence (Total COVID-19 deaths) = Total COVID-19 deaths in Sub-Saharan Africa / Total COVID-19 cases in Sub-Saharan Africa x 100.

% Overall prevalence (Total COVID-19 recovery rate) = Total COVID-19 recovery rate in Sub-Saharan Africa / Total COVID-19 cases in Sub-Saharan Africa x 100.

Cytokines can elicit anti-inflammatory (IL-10, TGF-p), pro-inflammatory
(IL-1, IL-6, IL-8, TNF-a) and anti-infectious (TNF-a, IFN-a, IFN-B, IFN-y)
activities in the body. They also play a role in activating T cells (IL-2, IL-
4,1L-10, IL-13, IL-15), B cells (IL-3, IL-4, IL-5, IL-6, IL-21), mast cells (IL-
3, IL-4, IL-5, IL-13) and haematopoietic cells (IL-3, IL-5, IL-7, G-CSF, M-
CSF, GM-CSF) (Saraswathy et al., 2018).

5.1. Soil-transmitted helminths immune responses

The host defence mechanism against helminths is dependent on Th2
immune responses, anti-inflammatory cytokines (IL-4, IL-5, IL-9, IL-13),
antibody isotypes (IgE, IgG1, IgG4), and high levels of mast cells, ba-
sophils and eosinophils (Abdoli and Ardakani, 2020; Anthony et al.,
2007). The host immune system can also be ineffective against hel-
minths since antibody-dependent cellular cytotoxicity (ADCC) via eo-
sinophils and IgE antibody can wusually fail in destroying the
impenetrable surface layer of adult helminths (Moreau and Chauvin,
2010). Additionally, helminths can also display “molecular mimicry” by
mimicking a host structure and function (Abdoli and Ardakani, 2020;
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Table 4
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Prevalence of helminths, COVID-19 and PM, 5 air pollution in the Americas, Eastern Mediterranean and European region.

Helminths
prevalence, n

Countries ranked based on Total population,
helminth prevalence n

COVID-19 prevalence up to 19 April 2021, n

Total cases, n

Total deaths,
n

Total recovered,
n

Air quality index (AQI)

PM, 5 (ug/m>), mean [95%
c

The Americas

Mexico 130,009,363 19,900,177
Brazil 213,761,802 9,547,212
Venezuela 28,371,608 8,049,594
Guatemala 18,178,124 4,957,871
Colombia 51,313,902 3,186,736
Dominican Republic 10,934,383 2,749,409
Honduras 10,029,541 2,214,843
Paraguay 7,202,123 1,974,836
Nicaragua 6,687,161 1,611,101
El Salvador 6,512,268 1,443,743
Haiti 11,512,932 920,867
Peru 33,336,408 342,185
Guyana 789,575 204,303
Bolivia 11,799,417 190,910
Argentina 45,525,551 160,777
Panama 4,368,639 51,175
Antigua and Barbuda 98,574 1,201
Saint Vincent and Grenadines 111,223 702
Dominica 72,129 551
Overall prevalence, n (%) 590,614,723 57,508,193 (9,74) °
(7,51) °
Eastern Mediterranean
Pakistan 224,289,117 25,234,450
Afghanistan 39,621,758 16,222,053
Yemen 30,345,627 9,833,727
Syrian Arab Republic 17,837,821 2,440,286
Iraq 40,936,402 2,170,486
Somalia 16,243,130 1,972,987
Sudan 44,658,737 1,217,659
Djibouti 999,401 110,561
Overall prevalence, n (%) 414,931,993 59,202,209 (14,27)
(5,28) ° b
European region
Tajikistan 9,707,083 3,161,746
Kyrgyzstan 6,609,541 2,169,854
Azerbaijan 10,211,851 686,000
Uzbekistan 33,854,114 405,951
Overall prevalence, n (%) 60,382,589 6,423,551 (10,64) °
0,77) °

2,311,172 213,048 1,836,377 20.08 [16.66-27.19]
13,943,071 373,442 12,391,599 11.49 [10.92-14.92]
183,190 1,905 165,858 15.82 [10.85-25.87]
212,734 7,21 190,944 23.59 [17.8-30.87]
2,652,947 68,328 2,471,498 15.24 [11.62-23.37]
261,129 3,418 218,724 12.95 [6.38-26.69]
200,935 4,957 76,339 20.12 [14.64-28.86]
250,165 5,313 205,883 11.16 [7.56-16.46]
6,778 180 4,225 16.87 [11.29-25.23]
67,557 2,078 63,787 23.42 [16.14-36.25]
12,918 251 11,791 14.63 [7.6-31.21]
1,704,757 57,230 1,627,969 24.27 [20.32-32.81]
11,863 271 10,180 20.46 [9.29-43.63]
289,066 12,648 238,195 20.24 [14.83-32.18]
2,694,014 59,228 2,364,171 11.83 [9.82-18.99]
360,841 6,188 350,610 11.18 [8.62-15.18]
1,216 31 986 17.92 [10.4-34.1]
1819 10 1677 21.2 [11.39-43.17]
165 0 159 18.17 [10.84-34.39]
25,160,767 808,538 45,355,837 Average PM,s: 17.40
(4,26) ¢ (3,22) ¢ (88,34) © [11.95-28.49]
761,437 16,316 662,845 55.21 [46.7-75.74]
58,038 2,550 52,244 53.17 [40.08-75.76]
5,858 1,132 2,261 44.96 [20.93-111.1]
21,279 1,456 14,958 39.43 [32.43-58.91]
984,950 15,026 864,039 57.73 [42.24-87.6]
13,079 670 5,413 29.51 [17-56.06]
31,790 2,208 25,539 47.92 [25.05-113.4]
10,460 116 9,172 40.38 [16.09-111.5]
1,886,891 39,474 1,636,471 Average PM, s: 46.04
(0,45) (2,09) ¢ (86,73) [20.07-86.26]
13,308 90 13,218 40.05 [19.93-84.69]
92,095 1,555 87,056 18.12 [12.77-35.24]
301,661 4,169 265,539 18.2 [10.8-35.39]
86,982 638 84,307 25.29 [13.15-51.5]

494,046 (0,82)

6,452 (1,31)
d

450,120 (91,11)

Average PM2.5: 25.42
[14.16-51.71]

@ 9% Overall prevalence (Total population) = Total population in The Americas or Eastern Mediterranean or European region / World population as of 21 April 2021

(7,860,798,912) x 100.

b o4 Overall prevalence (Helminths prevalence) = Total helminths prevalence in The Americas or Eastern Mediterranean or European region / Total population in

The Americas or Eastern Mediterranean or European region x 100.

¢ % Overall prevalence (Total COVID-19 cases) = Total COVID-19 cases in The Americas or Eastern Mediterranean or European region / Total population in The

Americas or Eastern Mediterranean or European region x 100.

d 94 Overall prevalence (Total COVID-19 deaths) = Total COVID-19 deaths in The Americas or Eastern Mediterranean or European region / Total COVID-19 cases in

The Americas or Eastern Mediterranean or European region x 100.

¢ 9% Overall prevalence (Total COVID-19 recovery rate) = Total COVID-19 recovery rate in The Americas or Eastern Mediterranean or European region / Total
COVID-19 cases in The Americas or Eastern Mediterranean or European region x 100.

Moreau and Chauvin, 2010).

Chronic helminth infections induce regulatory dendritic cells, T cells
and B cells, and IL-10 and TGF-$ (Abdoli and Ardakani, 2020). Human
cytokine expression levels in the presence of soil-transmitted helminths
are as follows: (i) Ascaris lumbricoides: increased IL-4, IL-5 and IL-10 and
decreased IL-6, IL-12, TNF-a and IFN-y expression levels (Blish et al.,
2010; Cepon-Robins and Gildner, 2020; Cooper et al., 2000; Geiger
et al., 2002; Santos et al., 2019); (ii) Trichuris trichiura: increased IL-4, IL-
9, IL-10, IL-13 and decreased TNF-a and IFN-y expression levels (Cepon-
Robins and Gildner, 2020; Faulkner et al., 2002; Geiger et al., 2002;
MacDonald et al., 1994); (iii) Necator americanus and Ancylostoma duo-
denale: increased IL-4, IL-5, IL-9, IL-10, IL-13 and TGF-p and decreased
IL-6, IL-17, TNF-a and IFN-y expression levels (Cepon-Robins and
Gildner, 2020; Gaze et al., 2012; Geiger et al., 2011; McSorley et al.,
2011); (iv) Strongyloides stercoralis: increased IL-4, IL-5, IL-9, IL-10, IL-
13, IL-27, IL-37 and TGF-f and decreased IL-18, TNF-a and IFN-y

expression levels (Anuradha et al., 2016).

Helminths display potent immunomodulatory activities via sup-
pression of Thl pro-inflammatory immune responses and activation of
Th2 anti-inflammatory immune responses (Fonte et al., 2020). Hel-
minths controls Thl and Th2 immune responses by enhancing the ac-
tivities of alternatively activated macrophages (AAMs), FOXP3+ Treg
cells and regulatory B cells, leading to the release of anti-inflammatory
cytokines (IL-10, TGF-f) (Fonte et al., 2020). Helminth-induced tissue
injury activates the production of cytokine alarmins (ILC2, IL-25, IL-33),
leading to the activation of Th2 cytokines production by Th2 cells,
thymic stromal lymphopoietin (TSLP) cells, eosinophils and basophils
(Abdoli and Ardakani, 2020; Salgame et al., 2013). The production of
cytokines IL-4, IL-5, IL-9 and IL-13, the primary mediators of Th2 re-
sponses, is triggered by IL-25 and IL-33. IL-12 production by dendritic
cells, a major promoter of Th1 responses, is limited by TSLP (Fonte et al.,
2020). Additionally, macrophages exposure to the Th2 cytokines IL-4 or
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Table 5
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Prevalence of helminths, COVID-19 and PM, 5 air pollution in South East Asia and Western Pacific.

Helminths
prevalence, n

Countries ranked based on
helminth prevalence

Total population, n

COVID-19 prevalence up to 19 April 2021, n

Air quality index (AQI)

Total cases, n Total Total recovered, PM, 5 (pg/ms), mean [95%
deaths, n n CI]
South East Asia
India 1,390,790,274 435,638,057 15,295,118 180,322 13,088,427 65.2 [78.61-96.56]
Indonesia 275,822,293 70,642,364 1,609,300 43,567 1,461,414 15.58 [13.54-20.16]
Bangladesh 165,993,675 56,339,394 723,221 10,497 621,300 58.33 [51.02-68.72]
Myanmar 54,700,104 12,575,540 142,644 3,206 131,903 34.69 [31.44-41.24]
Nepal 29,552,077 8,573,482 285,900 3,091 275,555 94.33 [70.99-139.8]
Democratic People’s Republic of 51,304,493 5,418,928 115,195 1,802 105,227 30.4 [23.64-43.35]
Korea
Timor-Leste 1,338,335 467,672 1,368 2 695 17.88 [8.25-39.37]
Bhutan 778,359 229,846 961 1 881 35.32 [32.75-44.99]
Overall prevalence, n (%) 1,970,279,610 589,885,283 18,173,707 242,488 15,685,402 Average PM2.5: 43.97
(25,06) * (29,94 " (0,92) © (1,33) ¢ (86,31) © [38.78-61.77]
Western Pacific
Philippines 110,738,989 45,437,063 945,745 16,048 788,322 18.38 [15.07-21.35]
China 1,439,323,776 26,222,138 90,510 4,636 85,559 49.16 [49.66-53.771
Vietnam 98,035,043 7,368,702 2,791 35 2,475 29.66 [24.57-37.08]
Cambodia 16,902,622 5,000,734 7,031 45 2,524 23.98 [14.44-37.96]
Papua New Guinea 9,081,270 3,511,004 9,738 89 846 10.91 [4.38-30.76]
Laos People’s Democratic Republic 7,359,625 2,173,051 58 0 49 24.49 [19.08-34.95]
Fiji 901,614 332,494 72 2 65 10.19 [4.67-22.1]
Solomon Islands 700,195 251,562 20 0 18 10.67 [4.58-27.84]
Vanuatu 312,820 115,109 3 0 1 10.31 [4.38-26.32]
Tonga 106,672 37,131 0 0 0 10.08 [5.03-21.9]
Micronesia 115,981 36,871 1 0 1 10.23 [4.5-24.93]
Kiribati 120,955 33,294 0 0 0 10.45 [4.69-24.1]
Marshall Islands 59,508 19,594 4 0 4 9.43 [4.52-21.78]
Tuvalu 11,911 3,120 0 0 0 11.42 [7.26-16.56]
Nauru 10,879 2,844 0 0 0 12.53 [7.99-18.41]
Overall prevalence, n (%) 1,683,781,860 90,544,711 (5,38) ° 1,048,942 20,855 879,864 (83,32) Average PM2.5:16.79
(21,42) * (0.06) © 1,97) ¢ ¢ [11.65-27.99]

2 0 Overall prevalence (Total population) = Total population in South East Asia or Western Pacific / World population as of 21 April 2021 (7,860,798,912) x 100.
b o4 Overall prevalence (Helminths prevalence) = Total helminths prevalence in South East Asia or Western Pacific / Total population in South East Asia or Western

Pacific x 100.

¢ % Overall prevalence (Total COVID-19 cases) = Total COVID-19 cases in South East Asia or Western Pacific / Total population in South East Asia or Western Pacific

x 100.

d 94 Overall prevalence (Total COVID-19 deaths) = Total COVID-19 deaths in South East Asia or Western Pacific / Total COVID-19 cases in South East Asia or Western

Pacific x 100.

¢ 9% Overall prevalence (Total COVID-19 recovery rate) = Total COVID-19 recovery rate in South East Asia or Western Pacific / Total COVID-19 cases in South East

Asia or Western Pacific x 100.

IL-13 can result in the suppression and stimulation of the classically
activated macrophages (M1) and alternatively activated macrophages
(M2), respectively (Abdoli and Ardakani, 2020; Salgame et al., 2013).
Helminth-produced excretory-secretory antigens stimulate dendritic
cells to produce immunoregulatory cytokines (IL-10 and TGF-p) and also
inhibit dendritic cell synthesis of pro-inflammatory costimulatory mol-
ecules, cytokines and chemokines (Abdoli and Ardakani, 2020; Salgame
et al., 2013). Helminth infection can also stimulate regulatory dendritic
cells to promote the synthesis and differentiation of Tregs, leading to the
down-regulation of pro-inflammatory Thl and Th17 responses (and its
related cytokines IFN-y, TNF-a, IL-12, IL-17, IL-23) by Th2 cytokines
(Abdoli and Ardakani, 2020; Fonte et al., 2020; Salgame et al., 2013).
Th17 cells secrete IL-17A and IL-17F and produces IL-21 and IL-22,
maintain the mucosal barrier, manages host defence against pathogens
and also play a role in the induction of tissue inflammation and
destruction (Guglani and Khader, 2010).

5.2. SARS-CoV-2 immune responses

Patients with COVID-19 initially display respiratory disease symp-
toms which can further lead to pneumonia and disseminated inflam-
mation, and eventually resulting in the occurrence of a “cytokine storm”
and multiple complications including sepsis-like syndrome, dissemi-
nated intravascular coagulation, acute respiratory distress syndrome
and failure of multiple organs (Azkur et al., 2020). The “cytokine storm”,

an indicator of disease severity and fatal outcomes, is stimulated by the
activation of several white blood cells (monocytes, neutrophils, den-
dritic cells, macrophages, NK cells, B cells and T cells), tissue cells
(endothelial and epithelial cells) and bacteria and viruses (Azkur et al.,
2020; Behrens and Koretzky, 2017). Adverse changes in the gut micro-
biota, induced by SARS-CoV-2, stimulates COVID-19 disease severity
and dysfunctional immune responses by intensifying the magnitude of
several inflammatory chemokines, cytokines and tissue damage blood
markers (Yeoh et al.,, 2021). The expression of cytokines and tissue
reparative growth factors in patients with moderate, severe and critical
COVID-19 is summarized in Fig. 1.

Patients infected with SARS-CoV-2 display a similar “cytokine storm”
as was observed during the SARS-CoV outbreak in 2002-2003 and
MERS-CoV outbreak in 2012. Patients that were infected with SARS-CoV
displayed elevated serum concentrations of pro-inflammatory cytokines
(IFN-y, IL-1p, IL-6, IL-12, MCP-1, CXCL10) (Channappanavar and Perl-
man, 2017; Huang et al., 2020; Wong et al., 2004). Increased amounts of
pro-inflammatory cytokines (TNF-a, IFN-y, IL-6, IL-15, IL-17, CXCL10)
was also observed in patients with MERS-CoV (Channappanavar and
Perlman, 2017; Huang et al., 2020; Mahallawi et al., 2018).

Studies in Wuhan, China found that patients with severe COVID-19
infections in ICU had increased levels of Thl and Th17 cells, and
elevated plasma concentrations of pro-inflammatory cytokines (TNF-a,
IFN-y, IL-2, IL-6, IL-7, IL-8, IL-17), anti-inflammatory cytokines (IL-4, IL-
10), chemokines (MCP-1, MIP-1a, MIP-1p, IP-10) and haematopoietic
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Fig. 1. Cytokine, chemokine and tissue

eotaxin 3, TSLP).

- Type 2 and type 3 immune effectors (IL-17F, IL-21, IL-23, IL-33,

- Type 1 (IL-2, IL-12 p70, IL-15, IFN-y and TNF-a), type 2 (IL-4, IL-
5, IL-13), and type 3 (IL-1q, IL-1B, IL-17A, IL-17E, IL-22) cytokines.

- Chemokines associated with leukocyte trafficking (CCL1, CCL2,
CCL5, CCL8, CCL15, CCL21, CCL22, CCL27, CXCLY, CXCL10, CXCL13,

reparative growth factor expression profiles
in patients with moderate, severe and critical
COVID-19. As the severity of COVID-19 and
associated cytokine storm intensifies the
expression profiles of pro-inflammatory Th1l/

Severe
COVID-19

Moderate
COoVID-19

Exhaustion/ diminished activity of:

-> Tissue reparative growth factors: VEGF,
EGF, PDGF, TGF-B, IL-17.

-> Th2 anti-inflammatory cytokines (IL-4, IL-

5, IL-9, IL-10, IL-13)

Intensification of cytokine, chemokine and
tissue reparative growth factor expression

Intensification of SARS-CoV-2 severity and associated cytokine storm

progenitor cells growth factors (G-CSF, M-CSF, GM-CSF) compared to
non-ICU patients (Huang et al., 2020).

Several components of the innate immune system, including IL-1, IL-
6, IL-18, TNF-a and type I/III IFN are present in the upper respiratory
tract to control the infection of SARS-CoV-2. However, in some cases
SARS-CoV-2 bypasses the first step of control and spreads rapidly along
the airway to the alveoli, leading to pneumonia, acute respiratory
distress syndrome, acute lung damage and in some cases death (Fonte
etal., 2020; Qian et al., 2013; Vabret et al., 2020). As seen with COVID-
19, a similar “cytokine storm” was also observed in patients with severe
SARS-CoV-2 however anti-inflammatory cytokines (IL-4, IL-10) secre-
tion was not initiated (Huang et al., 2020; Wong et al., 2004).

Lucas and colleagues (2020) identified specific immunological
markers that occur early in patients with COVID-19 which strongly
correlated with poor health outcomes and death. They associated
increased levels of IFN-a before the first 12 days from symptom onset
with lengthier hospital stays and death in patients with COVID-19. In
addition, patients who eventually died of COVID-19 displayed signifi-
cantly higher levels of IL-1Ra, IFN-a and IFN-), as well as chemokines
(CCL1, MCP-1, CCL21, M-CSF, IL-2, IL-16) associated with the recruit-
ment and survival of monocytes and T cells within the first 12 days from
symptom onset (Lucas et al., 2020).

5.3. Environmental pollution-induced immune responses

Similar to SARS-CoV-2 and COVID-19, environmental pollution (air
and water pollution) can also trigger the activation of several inflam-
mation associated pathways and diseases, and adversely affects the host
immune system (Quinete and Hauser-Davis, 2020; Saraswathy et al.,
2018). Prolonged and chronic exposure to environmental pollution can
lead to the exhaustion and diminished activity of Th2 immune response
(Quinete and Hauser-Davis, 2020; Saraswathy et al., 2018). Air pollu-
tion is associated with the pathogenesis of several complications and
diseases in the lungs (chronic obstructive pulmonary disease and
asthma), heart (myocardial ischemia, atherosclerosis and hypertension),
blood (increased coagulability, reduced oxygen saturation and periph-
eral thrombosis) and brain (cerebrovascular ischemia, neuro-
degeneration and impaired neurotransmitter signalling) (Quinete and
Hauser-Davis, 2020; Saraswathy et al., 2018).

Air pollutants (NO5 and PM; 5) promotes the overexpression of ACE2
receptors in the epithelial cell surface of the respiratory tract (SARS-
CoV-2 gain entry and infect cells using the ACE2 receptor) (Paital and
Agrawal, 2020). Acute air pollution exposure (SO,, PM3 5, NO5, and CO)
was associated with increased serum levels of Thl and Th17 cytokines

Th17 associated cytokines and chemokines
increases while the expression of anti-
inflammatory Th2 cytokines and tissue
reparative growth factors decreases. Fig. 1
footnote: CCL: C-C motif chemokine ligand;
CXCL: chemokine (C-X-C motif) ligand; EGF:
Epidermal growth factor; INF-y: Interferon
gamma; IL: Interleukin; PDGF: Platelet-
derived growth factor; SDF1: stromal cell-
derived factor 1; TGF-f: Transforming
growth factor beta; Thl: T helper type 1
cells; Th2: T helper type 2 cells; Th17: T
helper type 17 cells; TNF-a: Tumour necrosis
factor alpha; TSLP: Thymic stromal lympho-
poietin; VEGF: Vascular endothelial growth
factor.

Critical
COVID-19

(IFN-y, IL-2, IL-12, IL-17A, MCP-1 and soluble CD40 ligand (sCD40L)),
and decreased Th2 cytokine levels (IL-4, IL-13 and eotaxin) and forced
vital capacity % predicted (FVC % pred) in patients with chronic
obstructive pulmonary disease (Gao et al., 2020). Similar findings were
reported elsewhere (Gu et al., 2017). Acute exposure to PM5 5 alone was
associated with cardiovascular injury which was evident by the sup-
pressed circulating levels of pro-angiogenic growth factors (PDGF,
RANTES, GROu, EGF and VEGF), and increased levels pro-inflammatory
(IL-1B, IL-6, MCP-1 and MIP-1a/p) and anti-angiogenic (IP-10 and TNF-
a) cytokines and endothelial adhesion markers (SICAM-1 and sVCAM-1).
PMy 5 also triggered inflammatory responses as evident by the increased
circulating levels of CD4+, CD8+, CD14+ and CD16+ cells (Pope et al.,
2016).

Water pollutants such as metals (copper, cadmium, mercury, lead,
chromium and arsenic) and organic chemicals (polyfluoroalkyl sub-
stances, bisphenol A and phthalates) can also be immunotoxic and
compromise the immune response of humans by dysregulating Th1 and
Th2 cytokine production (Quinete and Hauser-Davis, 2020). They
display endocrine disrupting properties and are associated with auto-
immune diseases, and reproductive, developmental and neurological
disorders (Quinete and Hauser-Davis, 2020).

In humans, high arsenic levels were correlated with increased in-
cidences of allergies, asthma and parasitic infections, and significantly
inhibited the secretion of IL-2, resulting in immunosuppression and
favouring opportunistic infections (Quinete and Hauser-Davis, 2020;
Soto-Pena et al., 2006). Increased IL-1p (chromium and mercury) and
TNF-a (low mercury concentration), and decreased IL-6, IL-8, IL-10 and
IFN-y (chromium) and TNF-a and IL-1p (high mercury concentration)
expression levels were noted in human PMBCs (Maria et al., 2000).
BALB/c mice consuming water containing lead and copper displayed an
upregulation of IFN-y and IL-4 expression downregulated in the lead-
treated group only (Radbin et al., 2014).

Human exposure to polyfluoroalkyl substances is associated with
increased IL-4 and IL-5 levels, limited seroprotection from the influenza
A virus subtype H3N2 and asthma (Dong et al., 2013; Looker et al.,
2014; Quinete and Hauser-Davis, 2020; Zhu et al., 2016). Mice
consuming water containing perfluorooctane sulfonate displayed
significantly increased IL-6 levels (Fair et al., 2011; Quinete and Hauser-
Davis, 2020), while another study noted a reduction in IL-2 and IFN-y
secretion in favour of IL-4 and IL-10 which indicated that per-
fluorooctane sulfonate exposure directly suppress cellular responses and
enhances the activation of humoral responses (Quinete and Hauser-
Davis, 2020; Zheng et al., 2011).

Both bisphenol A (an environmental estrogen) and phthalates are
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also implicated in airway inflammation, allergic sensitization and
asthma (Nakajima et al., 2012; Quinete and Hauser-Davis, 2020). Mice
drinking water containing butyl benzyl phthalate displayed increased
susceptibility for Th2-mediated immune responses and no significant
changes in Thl immune responses was noted, leading to increased
vulnerability in developing allergic asthma and immune-related diseases
(Jahreis et al., 2018; Quinete and Hauser-Davis, 2020). Bisphenol A
exposure was associated with highly intensified Th1l cellular immune
response (IFN-y) and suppression of IL-4 in mice. It was proposed that
the estrogenic activity of bisphenol A stimulated the production of
prolactin which affected cytokine expression profiles, leading to dysre-
gulated Thl cellular immune response (Quinete and Hauser-Davis,
2020; Youn et al., 2002).

6. Immunomodulatory role of helminths against SARS-CoV-2/
COVID-19: the pros and cons

6.1. Advantages

Helminths are potent activators of immunosuppressive anti-
inflammatory Th2 immune response cytokines and Tregs (TGF-p, IL-4,
IL-10, IL-13, IL-33) which could be beneficial in modulating height-
ened pro-inflammatory Thl and Th17 immune response in humans
(Cepon-Robins and Gildner, 2020; Maizels and McSorley, 2016). A study
in Ethiopia associated intestinal parasites with reduced COVID-19
severity and fatality rates, and it was suggested that parasite-induced
immunomodulatory responses may dampen hyperinflammation in pa-
tients with COVID-19 (Gebrecherkos et al., 2021). Studies found
helminth-induced IL-4 signaling in CD8+ T cells expands bystander or
virtual memory CD8+ T cells for early control of viral infection (Rolot
et al., 2018). Hence, this could be one of the reasons behind milder
COVID-19 symptoms and diminished cytokine storm in patients co-
infected with helminths and COVID-19 (Cepon-Robins and Gildner,
2020; Munyjita et al., 2020).

Helminths or helminth-derived antigens display therapeutic poten-
tial for the resolution of inflammation and cytokine storm syndrome in
patients with COVID-19 (Abdoli, 2019; Abdoli and Mirzaian Ardakani,
2020). Excretory-secretory molecules from Trichuris trichiura reduces
intestinal inflammation by activating Th2 and Treg immune responses
(Cepon-Robins and Gildner, 2020; Cepon-Robins et al., 2019).
Helminth-induced expression of IL-9, IL-10, TGF-p and amphiregulin
(AREG; associated with wound repair and tissue formation in the lung
and gut) play a role in reducing lung inflammation and enhancing lung
repair (Schwartz et al., 2018).

Helminths play a crucial role in modifying the intestinal microbiota
by promoting the rapid growth and development of several immune-
regulating bacterial species. The anti-inflammatory Th2 cytokines pro-
duced by the intestinal microbiota was reported to minimize viral
infection-induced lung tissue damage (Cepon-Robins and Gildner, 2020;
McFarlane et al., 2017).

Patients presenting with coexisting helminth infections and meta-
bolic syndrome and type 2 diabetes, chronic inflammatory conditions
that are risk factors for COVID-19 morbidity and mortality, displayed
decreased levels of Thl pro-inflammatory cytokines (IL-1a, IL-16, IL-6,
IL-12, IL-18, IL-23, IL-27, G-CSF, GM-CSF) versus those without hel-
minth infections (Hays et al., 2020; Rajamanickam et al., 2020). This
highlight the putative role of helminth induced Th2 immune response in
balancing Thl and Th17 hyper-inflammatory responses in individuals
infected with chronic inflammatory conditions and/or SARS-CoV-2.

As mentioned, the SARS-CoV-2 bind directly to the ACE2 receptors in
order to infect cells (Hoffmann et al., 2020). Studies associated height-
ened inflammation and activated Th2 immune response with increased
and decreased levels of host ACE2 receptors, respectively (Cepon-Robins
and Gildner, 2020; Jackson et al., 2020; Wrapp et al., 2020). Inflam-
matory conditions such as smoking, diabetes, respiratory disease and
cardiovascular disease are associated with increased levels of ACE2
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receptors (Butler et al., 2020; Cepon-Robins and Gildner, 2020; Sajuthi
et al., 2020; Smith et al., 2020). Unlike non-allergic asthma, allergic
asthma, which is initiated by activated Th2 immune response and linked
with decreased ACE2 expression, was proposed to offer protection from
severe COVID-19 symptoms and outcomes in humans (Cepon-Robins
and Gildner, 2020; Jackson et al., 2020). Considering that helminths
trigger Th2 immune response in the lung (Cepon-Robins and Gildner,
2020; Schwartz et al., 2018), this could also lead to decreased ACE2
levels in respiratory cells, diminished ability of SARS-CoV-2 to infect
host cells and decreased viral load (Cepon-Robins and Gildner, 2020).

Patients with severe COVID-19 have very low levels of eosinophils
(Cepon-Robins and Gildner, 2020; Tanni et al., 2020). Helminth in-
fections activates the production of IL-5 which is directly associated with
high eosinophils levels (Cepon-Robins and Gildner, 2020; Huang and
Appleton, 2016; Sanderson, 1992). Eosinophils display immunoregula-
tory and antiviral effects in the body in response to combating helminth
larvae in the lungs (Cepon-Robins and Gildner, 2020; Huang and
Appleton, 2016; Lindsley et al., 2020). A strong Th2 immune response
and high levels of eosinophils could be beneficial in fighting off early
stages of SARS-CoV-2 infection, resulting in less tissue damage and re-
ductions in viral loads (Cepon-Robins and Gildner, 2020; Lindsley et al.,
2020; Rodriguez, 2020).

6.2. Disadvantages

Helminths are linked with nutritional deficiencies and anaemia
which leads to compromised and dampened immune response against
pathogens in humans (Abdoli, 2020; Bethony et al., 2006; Cepon-Robins
and Gildner, 2020; Le et al., 2017). As mentioned previously, SARS-CoV-
2 and species-specific helminths can adversely alter the gut microbiota
composition by favouring and retarding the growth of opportunistic
pathogens and short-chain fatty acid producing salutary bacteria,
respectively which could lead manifestation of gastrointestinal in-
fections, bacterial colitis and gut dysbiosis-related diseases (Lee et al.,
2014; Su et al., 2018; Yeoh et al., 2021; Zuo et al., 2021; Zuo et al.,
2020). These outcomes may be further aggravated if individuals are co-
infected.

Chronic helminth infections can skew the host immune response
toward anti-inflammatory Th2 immunity, leading to the suppression of
vital pro-inflammatory Thl immune response that is crucial for attack-
ing intracellular pathogens as seen in cases with co-infections between
helminths and tuberculosis (Babu and Nutman, 2016). Helminth-
induced immunosuppression could also lead to increased viral loads
and disease severity (Abdoli, 2020; Cepon-Robins and Gildner, 2020).
This is in accordance with human studies associating helminth in-
fections in endemic regions with increased susceptibility and severity to
malaria, HIV/AIDS and tuberculosis (Abdoli, 2020; Salgame et al.,
2013).

Helminth-induced immunosuppression was reported to dampen Ba-
cillus Calmette-Guérin (BCG), a vaccine for tuberculosis, vaccination
efficacy (Abdoli, 2020; Elias et al., 2008). Lately, the BCG vaccine was
proposed to be a candidate in protecting against severe COVID-19
(Abdoli, 2020; Redelman-Sidi, 2020). Studies using mice found hel-
minth infections drastically reduced vaccination efficacy against the
HI1N1 influenza A virus due to the systemic and sustained expansion of
IL-10-producing CD4"CD49"LAG-3" type 1 regulatory T cells. The
above observations remained the same even after termination of hel-
minth infection, and blockade of the IL-10 receptor only partially
restored anti-influenza vaccination efficacy (Abdoli, 2020; Hartmann
et al., 2019). These findings suggest that helminth infections could
inhibit the advancement of long-term immunity against SARS-CoV-2.

7. Concluding remarks

In conclusion, there is scarcity of studies focusing on: (i) the immu-
nomodulatory role of helminths against SARS-CoV-2 pro-inflammatory
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activates the production of alarmins, leading to the activation of Th2 associated cytokines (IL-4, IL-5, IL-9, IL13), B-cells, eosinophils, basophils, masts cells, M2
macrophages (responds to tissue fibrosis by stimulating the extracellular matrix and tissue reparative growth factors) and TSLP cells. Helminths associated excretory-
secretory antigen products stimulates dendritic cells to promote the activation and production of M2 macrophages, FOXP3+, Treg cells, Breg cells, IL-10 (regulates
Th1/Th17-cell immune responses) and TGF- (regulator of haematopoiesis and tissue repair). Collectively, helminths are important immunomodulators and may
have the potential to ameliorate SARS-CoV-2 and environmental pollution induced inflammation. Fig. 2 footnote: ACE2: Angiotensin-converting enzyme 2; Breg:
Regulatory B cells; CCL: C-C motif chemokine ligand; CO: Carbon monoxide; CXCL: chemokine (C-X-C motif) ligand; ECM: Extracellular matrix; EGF: Epidermal
growth factor; ESP: Excretory-secretory products; FOXP3+: forkhead box P3; G-CSF: Granulocyte colony-stimulating factor; GM-CSF: Granulocyte-macrophage
colony-stimulating factor; GROx: Growth-regulated alpha protein; IFN: Interferon; IL: Interleukin; M1: classically activated macrophages; M2: alternatively activated
macrophages; M-CSF: Macrophage colony-stimulating factor; NO,: Nitrogen dioxide; Os: Ozone; Pb: Lead; PDGF: Platelet-derived growth factor; PM: Particulate
matter; RANTES: Regulated on Activation, Normal T Cell Expressed and Secreted; SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2; sCD40L: Soluble
CD40 ligand; SO4: Sulphur dioxide; SP-D: Surfactant protein D; TGF-p: Transforming growth factor beta; Th1: T helper type 1 cells; Th2: T helper type 2 cells; Th3: T
helper type 3 cells; Th17: T helper type 17 cells; TLR: Toll-like receptor; TNF-a: Tumour necrosis factor alpha; Treg: Regulatory T cells; VEGF: Vascular endothelial

growth factor; VOC: Volatile organic compounds.

Th1/Th17 immune response, and (ii) the insidious role of prolonged and
chronic air and water pollution exposure on the functionality and
immunomodulatory activity of helminths in the host, and in exacer-
bating pro-inflammatory Th1/Th17 cytokine production in patients
with SARS-CoV-2.

Nonetheless, considering that helminths are potent activators of anti-
inflammatory Th2 immune response, studies have associated elevated
Th2 related cytokines and tissue reparative growth factors with re-
ductions in lung inflammation and damage, and decreased expression
levels of ACE2 receptors (SARS-CoV-2 uses the ACE2 receptors to infect
cells and associated with extensive lung damage), which could lead to
reduced SARS-CoV-2 infection rate and low viral load in the host.
However, this can be reversed if the individual is continuously being
exposed to air pollution because studies have associated overexpression
of ACE2 receptors in the epithelial cell surface of the respiratory tract
with air pollution and exhaustion of Th2 immune response which could
promote severe SARS-CoV-2 infection in high air pollution endemic
regions.

Conversely, helminth-induced immunosuppression activity could
also be disadvantageous by reducing vaccination efficacy, and dimin-
ishing vital Th1/Th17 immune response cytokine production that are
crucial for combating early stage infections. However, this could be
reversed by: (i) continuous air pollution exposure which is associated
with exhaustion of Th2 immune response, or (ii) hyper-inflammatory
disorders (obesity, diabetes, hypertension and metabolic disorders)
which are known to intensify Th1/Th17 pro-inflammatory cytokine
production to a point where the immunosuppressive activities of hel-
minths could be hindered. Again, suppressed activities of helminths can
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also be disadvantageous against SARS-CoV-2 inflammatory response.
This “yin and yang” approach seems complex and requires more
understanding.

All the above suggest that environmental pollution could hinder the
activity of helminths which could be both harmful and beneficial in
patients with SARS-CoV-2. It is also known that chronic air pollution
exposure exacerbates SARS-CoV-2 related adverse health outcomes
(respiratory distress and failure). Further studies are warranted in a
cohort of SARS-CoV-2 infected individuals residing in helminth and air
pollution endemic regions to offer more clarification. Data from these
studies could influence mass periodic deworming programmes and
environmental health policies in order to minimise SARS-CoV-2 severity
in affected regions. Fig. 2 highlights the hypothesized mechanisms on
how air pollutants can promote SARS-CoV-2 entry and life cycle, the role
of SARS-CoV-2 and air pollutants in stimulating Thl/ Th17 pro-
inflammatory cytokine production and associated cytokine storm, the
role of helminth infections in stimulating Th2 anti-inflammatory cyto-
kine production and tissue reparative growth factors, and collectively on
how helminths may modulate inflammation induced by SARS-CoV-2
and air pollutants.
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